The threats to aestivating land snails posed by extremely high temperatures and prolonged desiccation are poorly understood. In this study, we used the southern California native snail Helminthoglypta tudiculata to investigate the role of microhabitat selection in avoiding lethally high temperatures during aestivation. We also examined water loss and metabolism during aestivation to understand the potential limits of water and carbon reserves for aestivating snails. In the field, searches were carried out both on the substrate surface (SS) and in subsurface refugia (SR) such as soft substrate, rodent holes or under rocks. All aestivating snails and the great majority of empty shells found in the field were in SR. In the laboratory, the lethal temperature for active snails in a 1-h exposure was 41.3 ± 0.24°C. Daily temperature highs measured over a 46-d period from September 2014 to November 2014 exceeded 41.3°C at all 11 SS sites examined, but in only two of eight SR sites. SR aestivation sites provide protection from lethally high temperatures and water loss. Laboratory measurements of water loss rates for aestivating snails under standardized conditions indicated that, in the field, long-term water loss amounts to c. 244 μg H 2 O h −1 . This loss rate is greater than that needed to ensure survival in the wild, suggesting that laboratory investigations of losses need to be regarded with caution. Measured CO 2 fluxes in aestivating snails showed alternating periods of negligible flux punctuated by sharp increases, presumably coinciding with opening of the pneumostome, and decreased exponentially throughout aestivation. Water flux did not co-vary significantly with CO 2 flux, indicating that the epiphragm maintains near-saturated humidity in the underlying air space. Water loss was proportionally greater than carbon (CO 2 ) loss in long-term dormancy, suggesting that desiccation poses a greater threat than starvation to aestivating snails. Helminthoglypta tudiculata probably spends >50% of the year in aestivation. Maintaining undisturbed ground surface with diverse refugia for aestivating land snails should be given appropriate priority in conservation efforts.
INTRODUCTION
During aestivation, terrestrial snails are threatened by desiccation, starvation and lethally high temperatures (Horne, 1973) . Although many studies have explored the physiological implications of water loss and use of carbon reserves in aestivating snails (e.g. Machin, 1966 Machin, , 1968 Horne, 1973; van der Laan, 1975; Barnhart & McMahon, 1987; Arad, Goldenberg & Heller, 1989 , 1995 Rees & Hand, 1990) , fewer have investigated temperature tolerance (e.g. Schmidt-Nielsen, Taylor & Shkolnik, 1971) or the significance of microclimate on water loss (e.g. Arad, Goldenberg & Heller, 1992 , 1993 . The relevance of microhabitat selection for evading lethally high temperatures and the interplay of temperature and relative humidity (RH) on water loss remain poorly understood. We focus here on how habitat structure determines the availability of thermally viable refugia for Helminthoglypta tudiculata (Binney, 1843) , a species endemic to arid southern California in western North America.
Snails in extreme environments have a variety of adaptations to protect soft tissues from lethal temperatures. In the Negev Desert, Sphincterochila boissieri frequently aestivates on the substrate surface where temperatures can reach 70°C and ambient air temperatures may reach 45°C (Schmidt-Nielsen et al., 1971) . Aestivating snails secrete a calcified epiphragm across the shell aperture and retract into the second whorl of the shell, creating an insulating air space in the body whorl to buffer thermal and water flux. By interposing this air space between the soft tissue and adjacent substrate surface, the living tissue remains below the summer-acclimatized lethal temperature of S. boissieri (c. 50°C; Schmidt-Nielsen et al., 1971) . Sphincterochila boissieri does, however, occur in areas where substrate temperatures reach 70°C and here they burrow or hide in rock refugia where temperatures remain below lethal levels (SchmidtNielsen et al., 1971) . Other xeric pulmonates such as Cochlicella acuta and Theba pisana climb vegetation to evade extreme ground surface temperatures during aestivation and may occur in large aggregations (McQuaid, Branch & Frost, 1979; Cowie, 1985; Baker, Hawke & Vogelzang, 1991) .
The New World stylommatophoran family Helminthoglyptidae is suitable for studies of aestivation ecology, since several species are found in western North American deserts and chaparral (Miller, 1970; Reeder & Roth, 1988; Roth & Hochberg, 1992) , necessitating annual aestivation lasting several months (van der Laan, 1975) and tolerance of high ambient temperatures. In laboratory studies, Helminthoglypta arrosa was shown to survive over 5.5 months in aestivation and to sustain up to 40% loss of wet mass (van der Laan, 1975) . Despite these studies, however, there are no detailed investigations of water and carbon loss in aestivating Helminthoglypta species under controlled conditions or attempts to relate these to measured field conditions. Similarly, there are no published studies examining thermal tolerance in this family and its possible significance in aestivation behaviour and summer mortality.
Helminthoglypta tudiculata is a widespread species in the coastal sage scrub and chaparral of Southern California, occurring in San Bernardino, Ventura, Los Angeles, Orange and Riverside Counties, as well as northwestern Baja California (Pilsbry, 1913; Roth & Sadeghian, 2003) . It is divided into several regional subspecies (Binney, 1843; Pilsbry, 1913 Pilsbry, , 1939 . In our field observations, we have not found this species aestivating on the substrate surface or in vegetation. Instead, H. tudiculata burrows in soft substrate or uses subsurface refugia such as cavities among dead wood and rock piles. Here, we show that H. tudiculata aestivates in thermally viable subsurface refugia to avoid lethally high temperatures. The upper temperature tolerance threshold of H. tudiculata was determined and compared with long-term surface and subsurface temperatures observed in H. tudiculata habitat. In addition, we conducted simultaneous measurements of microclimate RH to determine vapour pressure deficit (VPD), or air-drying power, and its implications for desiccation rate. We compare these field measurements with physiological measurements of carbon and water loss in active and aestivating snails to examine the potential significance of respiratory changes for long-term carbon and water retention (Machin, 1966 (Machin, , 1968 Barnhart, 1983; Barnhart & McMahon, 1987) .
MATERIAL AND METHODS

Study location
Live Helminthoglypta tudiculata, shells and microclimate data were collected at the Robert J. Bernard Biological Field Station, Claremont, CA, located on gravel terraces of the outwash plain from the San Antonio River drainage. Field data were collected primarily between September 2014 and January 2015. Most sites investigated were in two regions of the field station, a southeastern grassland region dominated by non-native grasses and annuals (34.108°to 34.110°N, 117.708°to 117.709°W) and a central cactus region dominated by coastal sage scrub, oak savannah and several large patches of coastal prickly pear cactus Opuntia littoralis and California cholla Cylindropuntia californica (34.111°to 34.112°N, 117.712°to 117.713°W). The field station experienced a brushfire on 11 September 2013 that burned some areas in the grassland region.
Weather data
Long-term weather data for the surrounding area were obtained from online weather records from the Claremont Baseline Avenue weather station located c. 2 km north of the field station (Weather Underground, 2014). Days of rain recorded from March to November were used to determine the durations of summer droughts from 2005 to 2014. Consecutive days without rain were counted and the longest spell without rain was recorded for each year. Drought lengths were used to estimate length of aestivation in H. tudiculata, as well as total water and carbon loss expected during aestivation.
Microclimate data
HOBO temperature and RH data loggers (Onset Computer Corporation, Bourne, MA) were used to collect microclimate data from September to November 2014 in a variety of representative microhabitats that snails were suspected to use. Data were recorded using Logger-Pro 3 software (Vernier Software and Technology, Beaverton, OR). Temperature loggers with two thermocouples, one in the main body of the logger used to record substrate surface (SS) temperature, and the other at the end of a 1-m, flexible probe, recorded data from 16 September 2014 to 2 November 2014. Probes measured thermal conditions below ground level in plausible subsurface refugia (SR), such as inside rodent burrows or under large objects like rocks and logs. Probes were inserted no more than 20 cm below the surface and most SR temperatures were recorded at depths 5-10 cm. RH loggers placed on SS or in larger SR (e.g. under logs) recorded data from 22 September 2014 to 2 November 2014 and recorded RH and temperature. In total, SS temperatures were recorded at 11 sites, SR temperatures were recorded at eight sites and RH was recorded at nine sites. Two heat waves and a few days of rain and high humidity occurred while loggers were in the field, representing climatic extremes that a snail might experience during a typical summer-autumn aestivating season.
Characterizing H. tudiculata microhabitat
We searched for empty shells and active and aestivating live snails by visually searching SS and plausible SR in areas where H. tudiculata presence was suspected (e.g. the field station southern grassland and central cactus regions). Plausible SR included rodent burrows (searched with a Klein Tools ET500 Videoborescope; Klein Tools Inc., Lincolnshire, IL), leaf litter (displaced up to 5 cm deep) and under objects such as woody debris, rocks, cactus stems and other organic material. Where specimens were found, GPS coordinates and habitat parameters were recorded (Table 1) . At sites where active snails were found or data loggers placed, SS and accessible SR were systematically searched within a 2-m radius. All habitat parameters except refuge type were recorded at datalogger sites lacking live snails or shells.
To aid analyses, additional control sites lacking live snails or shells were investigated and characterized. Ten control sites were selected inside the grassland region and 12 inside the cactus region using a grid system within each region. Potential SR within a 0.5-m radius of each control grid point were searched to ensure that no specimens were present, and the site was recorded as an empty SR if plausible refugia were present or as an empty SS if no refugia were present.
In total, 63 sites were included in microhabitat analyses. Of these, 11 were characterized as SS, 42 were characterized as SR and 10 were data-logger sites without characterized refugia. SS sites are less represented in analyses, since SS sites were only recorded if they contained specimens or were added as control points.
Specimen size measurements
As a basis for estimating the shell mass of living snails, the relationship between shell diameter and mass was compiled using 121 empty shells ranging in diameter from 2.5 to 29.4 mm and in mass from 1.0 to 1345.3 mg. Shell diameter near the aperture was measured to the nearest 0.1 mm using a digital caliper. Snails were weighed using a digital microbalance accurate to 10 μg.
Temperature tolerance
Snails used in temperature tolerance trials were collected from the field on 30 November 2014 and 12 January 2015. Snails were housed in covered Plexiglas terraria with moistened paper towels to maintain high RH and fed ad libitum on organic carrot and pieces of broken clam shell as a calcium source. Temperature tolerance trials were conducted on 16 December 2014 and 6 February 2015 with three snails and four snails, respectively, after allowing snails to acclimatize to laboratory temperatures for over 2 weeks. Due to low variability in temperature tolerance and difficulty in obtaining live snails, additional replicates were deemed unnecessary.
Temperature tolerance was determined following the dynamic method of Cowles & Bogert (1944) . Active snails were placed in individual Plexiglas fly vials (12 × 2 cm) plugged with porous foam stoppers and submerged in a circulating water bath. Prior measurements with the same setup showed that air temperature within the vials remains within 0.5°C of bath temperature. The last few centimeters of each vial remained above the water's surface, but stoppers prevented snails from climbing above the water line. The water bath was initially set around 35°C. After 1 h, water temperature was recorded using a copper-constant thermocouple, and snails were removed and examined for autonomous movement. Examinations lasted up to 5 min, during which time snails were touched repeatedly to test for the normal retraction response. Snails that did not move within a 5-min period were considered provisionally dead and were set aside; live snails were returned to the water bath. No provisionally dead snails ever recovered. The water bath temperature was then increased by 1°C and the protocol repeated until all snails had expired. The highest tolerated bath temperature and the lethal temperature (1°C higher) were recorded for each snail. These values were used to estimate the temperature tolerance threshold.
Measuring water vapour loss and respiratory rate
Snails used in respirometry trials were collected during November 2011, September 2012, and October and early November 2014 and maintained in humid terraria as described above. Prior to respirometry recordings, each snail was weighed and then transferred to a 60-ml respirometry chamber and exposed to scrubbed air (0% RH, 0% CO 2 ). The low humidity prompted initially active snails to become inactive within a few hours and subsequently to enter dormancy. Respiratory rates were measured as snails entered laboratory-induced dormancy (week 0), during the first full day of exposure to desiccating conditions (day 1) and approximately weekly thereafter (week 1, week 2, etc.; Supplementary Material Table S1 ). Snails were kept dormant for 6-16 weeks, at which time dormant respiratory rates were again recorded and final masses measured. In total, seven snails were used in respirometry trials.
Real-time H 2 O and CO 2 fluxes from active and aestivating snails were measured in flowing air using Sable Systems respirometry instrumentation (Sable Systems Inc., Henderson, NV). RH (%) or water vapour density (mg l −1 ) was measured using an RH-300 Water Vapor Analyzer, and CO 2 concentration (%) was measured using a CA-10a Carbon Dioxide Analyzer. Air temperature was also recorded. Airflow was held constant at 50 ml min −1 using a Sable Systems Gas Analyzer Sub-Sampler. Digitized data outputs were recorded and analysed using Sable Systems Expedata™ software.
Outside air was first scrubbed of water vapour and CO 2 by passing through 60-ml syringes containing a commercial desiccant Drierite (W.A. Hammond Co., Xenia, OH) and soda lime, respectively. Scrubbed air then flowed through the respirometry chamber containing a live snail before circulating into the gas analysers and the subsampler pump and venting into the laboratory. Temperature in proximity to respirometry equipment was 26.5 ± 2.9°C (mean ± SD) and RH of scrubbed air was assumed to be 0% RH. Most respirometry recordings lasted between 20 and 30 h, including baseline checks at the beginning and end of each recording. Measured % RH and % CO 2 values were integrated over time for each respirometry recording and corrected for baseline drift by subtracting the integral under each recording's baseline H 2 O and CO 2 fluxes (Supplementary Material Fig. S1 ). Corrected integrals were then multiplied by the air flow and divided by recording duration to determine mean H 2 O and CO 2 fluxes. Occasional negative mean fluxes were assumed to be errors due to baseline drift and were excluded from analyses. A few isolated instances of extremely high fluxes (H 2 O flux ≥ 3600 μg H 2 O h −1 , CO 2 flux ≥ 180 μl CO 2 h −1 ) were also excluded, because these were observed in only three animals (Table S1 ) and may have resulted from physical or environmental disturbance (Machin, 1965; Barnhart & McMahon, 1987) .
Statistical analyses
H 2 O and CO 2 fluxes in short-term and long-term laboratoryinduced dormancy were compared using two-tailed independent t-tests in the statistical programme R and equal variance was not assumed. H 2 O fluxes during and between pneumostome openings were compared using two-tailed paired t-tests in R. Chi-squared tests of independence between habitat parameters and site occupancy were performed in IBM SPSS Statistics software and cross-tabulated 
RESULTS
Duration of Helminthoglypta tudiculata aestivation
During autumn 2014, active snails were sought in the field station on the evenings of 14 October and 19 October and the morning of 20 October. No active snails were found despite near-saturated ambient humidity (>90% RH) on each occasion, but an aestivating snail was found on 14 October 2014. The first autumnal rain occurred on 31 October 2014. In total, 15 active snails were subsequently collected from the field over the course of 6 occasions between 3 November and 12 January 2015. These and prior observations indicate that H. tudiculata does not break aestivation until after the first autumnal rain and displays intermittent activity thereafter during rain or periods of very high humidity. Assuming snails are inactive during spring, summer and autumn except during days of rain, snails will remain dormant through prolonged droughts. During the preceding decade (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) , the longest annual dry spell ranged from 82 d in 2009 to 166 d in 2010, with a mean of 129 ± 28.9 d (mean ± SD). The second longest annual dry spell averaged 53.6 ± 16.5 d. These two periods alone account for >50% of days in a typical year.
Temperature tolerance threshold
The mean highest temperature tolerated by snails for 1-h exposure was 40.3 ± 0.03°C (mean ± SE; n = 7) and the mean lethal temperature was 41.3 ± 0.24°C. The smallest snail (449 mg mass and 11.3 mm diameter compared with 2571 ± 1445 mg and 20.2 ± 3.80 mm diameter of the other six snails; mean ± SD) was the only snail with a lethal temperature below 41°C (39.2°C highest tolerated temperature, 40.0°C lethal temperature). The midpoint of highest tolerated temperature and lethal temperature, 40.8°C, can be used as a proxy for the temperature tolerance threshold of H. tudiculata.
Shell mass and body water content
Masses of the seven snails used in temperature tolerance trials ranged from 449 mg to 4694 mg, with a mean of 2268 mg. These comprised a combination of adult (with an apertural lip) and subadult snails. Using a log-log plot and regression, the relationship between mass (M s ) and diameter (D s ) of 121 empty shells was determined to be M s = 0.0646 mg * D s 2.88 (r 2 = 0.910; df = 119). Using this scaling, the shell masses of the seven adult and subadult snails in the temperature trials were estimated to have a mean value of 355 ± 238 mg (mean ± SD), representing 15.8 ± 1.07% of the total mass of a hydrated live snail. If 19% of wet mass is used as an estimate of shell-free dry mass (Schmidt-Nielsen et al., 1971) , this gives a mean hydrated water content of 65.2% of the total snail mass.
Microclimates observed in the field
Daily SS temperatures fluctuated much more dramatically than did SR temperatures (Fig. 1) . Over nearly 7 weeks in autumn 2014, daily (24 h) low temperatures in SS averaged 5.27 ± 2.15°C and daily highs averaged 50.8 ± 4.91°C. The lowest SS high over this period was 41.5°C, above the temperature tolerance threshold for H. tudiculata. Corresponding SR temperatures were 13.9 ± 3.70°C for daily lows and 39.1 ± 2.66°C for daily highs. Out of eight SR sites, only two exceeded 41.3°C during the entire recording period. Humidity in nine sites averaged 54 ± 6.1% RH over a 6-week period, with a mean daily low of 2.0 ± 2.1% RH and mean daily high of 99.4 ± 1.7% RH. Diel humidity excursions are augmented because of the large SS temperature excursions relative to ambient temperature. 
Microhabitat preference of aestivating snails
Over a period of nearly 7 weeks in 2014, only six live snails were found under dry conditions. Five other aestivating snails were found during autumn 2011 and 2012. In 2014, inactive snails, as well as empty shells, were found in SR significantly more often than on SS (χ 2 = 35.445, df = 1, P < 0.001, Table 2 ). Of the six live, retracted snails found in the field, five were found in SR. While these five snails were clearly in aestivation, the snail found on SS appeared to have been recently active and may have retracted after being disturbed. As this snail lacked an epiphragm and was not attached to a flat surface by the aperture, it did not meet the criteria for aestivation set out by van der Laan (1975) .
By comparing habitat parameters of sites where aestivating snails and/or shells were found to those of uninhabited sites, it was possible to characterize SR used by aestivating snails (Table 2) . Aestivating snails and shells were most frequently found in SR under wood or in woody substrates and beneath rocks or dead cactus stems. More specimens were found in the cactus region than in the grassland region, reflecting a preference for sites within a 2-m radius of prickly pear and/or cholla cacti.
In particular, natural rock piles sorted by prior flooding events and human-made rock piles are commonly used SR. Aestivating snails and shells were often found in SR located under rocks, particularly piles of rocks atop soil and/or dry vegetative litter. For example, 47 shells were found within one such rock pile. These piles are a common sign of human disturbance and more specimens were found in human-disturbed sites than in undisturbed sites.
Other habitat parameters were characteristic of uninhabited sites. Snails tended not to occur in areas with gravely or sandy substrates or in the area burned during the summer 2013 fire. When compared with other sites in the grassland region, burned sites were less likely to contain snails or shells (χ 2 = 5.126, df = 1, P = 0.024). In addition, fewer sites under tree or shrub canopies contained snails and/or shells compared with open sites.
After a Bonferroni correction for multiple comparisons (α = 0.002), preferences for unburned sites, disturbed sites, sites without canopy, sites in the cactus region, rocky substrate, no gravel or sand substrate, rock refugia and SR remain significant (Table 2) . Preferences for nearby cactus, woody substrate and wood refugia do not remain significant.
H 2 O flux and estimated fluxes under field conditions
The seven snails used in respirometry trials included adults and subadults. Snails ranged in size from 600 mg to 2928 mg with a mean of 1533 mg. Based on 27 recordings of seven snails taken throughout nearly 16 weeks of laboratory-induced dormancy, snails lost 1580 ± 407 μg H 2 O h −1 (mean ± SE). There was no significant difference in H 2 O flux between snails entering dormancy (week 0 and day 1) and snails in long-term dormancy (week 1 and later; t = 0.660, df = 9.12, P = 0.526).
Mass losses of these same snails over the duration of laboratory monitoring showed that mean water fluxes were markedly lower than determined from RH monitoring. This is presumably due to physical disturbance, despite attempts to minimize handling. Given this disparity, long-term mass-losses were used to estimate each snail's aestivation water loss rate. Averaging over the full period of laboratory-induced dormancy, the mean mass loss of six of these snails (data were lost for one specimen) was 253 ± 32 H 2 O μg h . The contribution from the periods of respirometry monitoring at 0% RH is omitted from this calculation given that it comprised only 3-4% of the total desiccation period.
To estimate water loss rates for snails aestivating in the field, paired microclimate temperature and RH data from one of the RH loggers were used to calculate long-term mean VPD for SR (see Supplementary Material methods). Mean VPD in SR was 1.72 ± 1.69 kPa (mean temperature 21.65 ± 8.01°C and mean RH 51.8 ± 30.1%; mean ± SD). These values were multiplied by the laboratoryderived standardized flux estimate to generate long-term estimates of desiccation rates in the field. Based on these calculations, aestivating adult and subadult snails are expected to lose 244 μg H 2 O h −1 while aestivating in SR. This translates to a cumulative loss estimate of 755 mg H 2 O over a 129-d summer dry season. Total water loss thus represents about 53% of the mean mass or 81% of the tissue water content of the snail. This would be offset only minimally by metabolic water production. Assuming a cumulative loss of CO 2 of 58 ml over the same period (see below), and a 1:1 stoichiometry of CO 2 to H 2 O production, the total metabolic water production during the same period would be 47 mg, or about 6.2% of the evaporative losses.
Changes in CO 2 flux upon entry into aestivation
Active snails exhaled CO 2 with an irregular pattern ( Fig. 2A) . As snails entered laboratory-induced dormancy, CO 2 flux became discontinuous. During dormancy, CO 2 flux often remained negligible for many minutes (e.g. ≥1 h), punctuated by relatively quick bursts of CO 2 exhalation (Fig. 2B) . These bursts could contain single or multiple peaks. During bursts, CO 2 flux rose sharply and decreased asymptotically. CO 2 flux during dormancy was also observed to follow a second pattern wherein CO 2 flux was only negligible for brief periods of time (e.g. a few minutes), with more frequent peaks (Fig. 2C) .
During some recordings of dormant snails, small increases in H 2 O flux were observed during intermittent increases in CO 2 flux (Fig. 3) , whereas in other recordings, H 2 O flux did not noticeably Table S1 ), H 2 O fluxes showed no significant difference when the pneumostome was assumed to be open or closed, based on CO 2 flux (t = −1.615, df = 22, P = 0.121). When fluxes averaged over entire runs were analysed, no significant correlation was found between CO 2 and H 2 O fluxes, even when extreme values were excluded (r = 0.0888, df = 17, P = 0.718). However, a real correlation may be obscured by substantial noise in H 2 O fluxes of several recordings. Mean CO 2 flux during 16 weeks of laboratory-induced dormancy was 135 ± 65.0 μl CO 2 h −1 (n = 42). There was no significant difference between CO 2 flux of snails entering dormancy (week 0 and day 1) and snails in long-term dormancy (week 1 and later; t = −0.060, df = 34.01, P = 0.953). However, when seven relatively high CO 2 fluxes were excluded (≥ 180 μl CO 2 h −1 ), snails in long-term dormancy showed significantly lower CO 2 fluxes (t = 3.845, df = 17.16, P = 0.001). Excluding these elevated fluxes, CO 2 flux decreased over the 16-week period according to the function = * − − () e CO flux 5.36 ml CO week .
where t is time measured in weeks (r = 0.578, df = 33, P < 0.001; Fig. 4) . In mid-September, measured temperature in SR averaged c. 36°C, or about 10°C warmer than during laboratory monitoring. Assuming a similar mean temperature during summer drought and a Q 10 over this temperature range of 2.44 as measured for Sphincterochila boisseri (Schmidt-Nielsen et al., 1971), an aestivating adult or subadult H. tudiculata in SR would have a metabolic rate of c. 66 μl CO 2 h −1 after 1 week, decreasing to 1.4 μl CO 2 h −1 after 129 d. The cumulative CO 2 production over this period would be 68 ml, representing 31 mg carbon (or a mean loss of 10 μg h −1
) at the elevation of the Bernard Field Station (1150 m; ambient pressure = 0.97 atm).
To estimate the total tissue carbon content of a representative live snail, we used the mean shell-free wet mass for the snails used in temperature tolerance trials for which shell size data were available (2268 -355 = 1913 mg) and a dry mass of 19% of this value (Schmidt-Nielsen et al., 1971) . Assuming that the dry mass comprises >90% protein and that carbon contributes 50% of protein mass (Beavis, 1993) , the total carbon reserves of the snail tissues would be c. 164 mg. The estimated 31 mg carbon loss during 129 d of summer drought thus represents a carbon loss of about 18.9%. 
Carbon dioxide (%) Carbon dioxide (%)
Carbon dioxide (%) Figure 2 . Examples of CO 2 flux before and after entering laboratory-induced dormancy. A. CO 2 flux of an active snail in c. 0% RH. B. CO 2 flux of a dormant snail that rarely opened its pneumostome. C. CO 2 flux of a dormant snail that frequently opened its pneumostome. Each time interval spans 3 h and intervals were chosen to best represent each respiratory pattern. Respiratory patterns sometimes changed over the course of recordings, but no consistent change in pattern was observed. Drifting baselines sometimes resulted in negative CO 2 fluxes.
DISCUSSION
Microhabitat selection based on temperature tolerance threshold
The 1-h temperature tolerance threshold in Helminthoglypta tudiculata was 40.8°C. On average, snails did not survive above 41.3°C. While this suggests that snails aestivate in microhabitats in which temperature highs do not exceed this value, it may underestimate their actual tolerance (see below). Avoidance of lethal temperatures probably explains the snails' preference for SR over SS. Although the mean daily SS temperature measured over 7 weeks in autumn 2014 was only 21.5 ± 0.86°C, the daily highs exceeded 41.3°C at all 11 sites examined. By contrast, only 25% (2 of 8) of SR exceeded 41.3°C over this period, suggesting that lethally high temperature avoidance is an essential function of aestivating in SR. Selection between SR may be critical as well. For example, SR with higher moisture content may provide greater insulation against temperature and humidity fluctuations. Since the lowest recorded SS temperature was 5.27 ± 2.15°C (mean ± SD), whereas the lowest SR temperature was 13.9 ± 3.70°C, snails may also aestivate in SR to avoid lethally low temperatures or rapid temperature fluctuations (Fig. 1) .
The estimated temperature tolerance threshold of H. tudiculata is much lower than the remarkable thresholds of 50°C for Sphincterochila boissieri (Schmidt-Nielsen et al., 1971) and 46-50°C for a Spanish population of Theba pisana (Cowie, 1985) . However, it should be noted that our estimate is based on active snails kept at laboratory temperature; Cowie (1985) found that active T. pisana had a lower tolerance of high temperature than snails already in aestivation. While evidence from terrestrial arthropods (Edney, 1964) and marine gastropods (e.g. Hines, Anderson & Brisbin, 1980) suggests that acclimatization effects only a slight increase in tolerance, Riddle (1983) rightly points to the lack of data for land snails, where aestivation represents a radical alteration in metabolic processes. It seems likely, therefore, that aestivating H. tudiculata can tolerate higher temperatures than the 40.8°C recorded here. Certainly, summer temperatures, even in SR, will exceed those we recorded in the autumn. The difficulty in finding aestivating snails made it impossible for us to conduct the kind of experiment needed to establish their lethal temperature. Time since entering lab-induced dormancy (weeks) Figure 4 . Change in CO 2 flux throughout laboratory-induced dormancy, excluding CO 2 flux ≥ 180 μl CO 2 h −1 . Trend line shows CO 2 flux decreasing by 5.36 ml CO 2 week −1 * e −0.169 (t) (r = 0.578, df = 33, P < 0.001). Colours correspond to respiratory recordings from different snails: red, snail 1; orange, snail 2; yellow, snail 3; green, snail 4; blue, snail 5; indigo, snail 6; purple, snail 7 (Supplementary Material Table S1 ). 
Other factors impacting microhabitat selection
Aestivating snails and empty shells were found significantly more often in rock and wood refugia, and on rocky and woody substrates. Previous studies have also reported H. tudiculata in leaf litter under loose rocks, as well as under boulders and in crevices between large rocks (Church & Smith, 1938; Pilsbry, 1939) . Rocks provide firm, water-impermeable surfaces for snails to seal against, effectively reducing the aperture area (Arad et al., 1995) . Several Helminthoglypta species are associated with rocky habitats (Miller, 1970; Reeder & Miller, 1986; Reeder, 1986; Applegarth, 1999; Weasma, 1999; Elvin, 2006) . Unsurprisingly, fires seem to impact H. tudiculata negatively. Only one live snail was found in the burned area, despite relatively large numbers of snails found during rain in the adjacent unburned grasslands and coastal sage scrub. A few shells were found in burned sites, demonstrating that snails lived in this area previously. The fire may have killed aestivating snails or destroyed preferred SR such as logs, and removed edible plants and fungi, leaving few microhabitats suitable for aestivation or post-dormancy activity.
Water loss and respiratory rate
Our laboratory estimates of water loss, when extrapolated to field conditions in SR, indicate that 81% of the body water of an adult H. tudiculata would be lost during a 129-d summer drought (the mean annual maximum drought duration between 2005 and 2014). This figure for loss exceeds values for desiccation tolerance reported for other shelled gastropods (Machin, 1967; Marshall & McQuaid, 1992) . Indeed, the latter estimated the critical loss in Helix pomatia at 35%. While increased exposure of SR associated with data-logger installation may lead to exaggerated SR temperature and RH variation, it is likely that the disturbance associated with laboratory desiccation trials, and a lag in entering full aestivation, lead to initial metabolic rates, and hence water losses, exceeding those when the snails are in full aestivation. Other workers have also recorded water loss rates in the laboratory greater than those needed to survive periods of drought in the wild (Arad, Goldenberg & Heller, 1992 ; and see discussion by Cameron, 2016) . Nevertheless, our results emphasize the importance of water conservation for summer survival in H. tudiculata, particularly during longer-than-average summer dry seasons. Habitats providing SR that afford smaller temperature variation and higher humidity to ameliorate desiccation will be correspondingly critical to support viable populations.
The pattern of CO 2 flux reflects the difficulty of determining whether a snail has entered full aestivation. Excluding outlying high values, which might result from the variable effects of disturbance, CO 2 flux decreased exponentially throughout laboratoryinduced dormancy, in accordance with several previous studies (Von Brand, McMahon & Nolan, 1957; Rees & Hand, 1990; Porcel, Bueno & Almendros, 1996) . This exponential decline in CO 2 flux throughout aestivation is similar to the pronounced decrease in metabolism observed in aestivating Oreohelix strigosa (Rees & Hand,1990) and Rhagada tescorum (Withers et al., 1997) . In addition to possibly serving for water conservation, decreased metabolic rate conserves carbon reserves and may be important as an anti-starvation adaptation. Although the estimated carbon losses experienced by aestivating H. tudiculata during a 129-d drought are relatively modest (18.9%), they may overestimate losses in undisturbed snails in the field. While starvation is possible, our evidence indicates that desiccation is a greater threat.
The well-defined discontinuous CO 2 fluxes observed in some snails during laboratory-induced dormancy were probably the result of alternating pneumostome opening and closure. Barnhart & McMahon (1987) compared fluctuating CO 2 fluxes in aestivating snails with the discontinuous gas cycling (DGC) noted in many insects (Lighton, 1996) . The sharp increase and subsequent asymptotic decline in CO 2 flux during these bursts is consistent with the abrupt release of accumulated CO 2 in the lung followed by a progressive release of CO 2 from the haemolymph bicarbonate pool. Unlike DGC in insects, however, snails did not show any 'flutter' phase like that preceding full spiracle opening (Lighton, 1996) .
The lack of any overall correlation between CO 2 and H 2 O fluxes, together with the small or undetectable increase in H 2 O flux associated with pneumostome opening and similar rates of water loss sustained throughout aestivation, require further study. At face value they indicate that physiological and respiratory adaptations during aestivation play a minimal role in reducing water loss in H. tudiculata, contrary to the findings of prior studies with Cornu aspersum (Machin, 1966) and Otala lactea (Barnhart, 1983; Barnhart & McMahon, 1987) . Pneumostome opening in an aestivating snail can only lead to increased water fluxes if the air space between the epiphragm and the mantle wall remains unsaturated between breaths. Our results indicate that the air space in aestivating H. tudiculata approaches saturation. In snails lacking an epiphragm and not sealed against an impermeable surface, air overlying the mantle wall will approach ambient humidity. Water loss rate between breaths will be determined primarily by mantle collar permeability, which is reduced during aestivation in C. aspersum (Machin, 1966) . In a snail with an epiphragm, the air space will approach saturation if the epiphragm is much less permeable than the mantle collar. Machin (1968) has shown this to be the case for a thick epiphragm in H. pomatia.
Conservation implications
Summer droughts account for >50% of days in a year, on average, at the field station. Since snails are likely dormant during dry conditions, H. tudiculata probably spends more than half a typical year in aestivation. Other xeric species, such as H. arrosa and Bulimulus dealbatus also spend a major part of each year in aestivation and are only active during and after periods of rain (Horne, 1973; van der Laan, 1975; Applegarth, 1999; Weasma, 1999) . Since many xeric snails spend most of their lives in aestivation, it is vital that conservation efforts protect aestivation refugia.
Climate change is expected to limit the number of suitable SR for land snails by increasing SR temperatures and temperature extremes. Since there is only a 1.0°C difference between tolerated and lethally high temperatures for H. tudiculata and little observed variability in temperature tolerance, even minor temperature increases in previously suitable SR could kill a large proportion of an aestivating H. tudiculata population. Furthermore, the limited resistance of H. tudiculata to water loss and rather modest capacity to reduce metabolic rate during aestivation make this species vulnerable to both lethal desiccation and starvation. These threats will be compounded if frequency of summer rains decreases and dry spells lengthen. Earlier onset of hot, dry conditions may also threaten desiccation-sensitive unhatched eggs (van der Laan, 1980) . Human activities like development, agriculture and off-road vehicle use can easily destroy or degrade snail habitats (Elvin, 2006) and increase summer water and carbon loss due to disturbance (Barnhart & McMahon, 1987) . Habitat preservation has been successful in conservation efforts with other Helminthoglypta species. Helminthoglypta walkeriana and H. morroensis populations have stabilized or expanded with the preservation of critical habitat (Elvin, 2006) . Both the cactus and grassland regions of the field station evidently sustain large populations of H. tudiculata, despite surrounding human encroachment having isolated the field station for over 50 years (Robert J. Bernard Biological Field Station, 2017 
